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Introduction
Many physiological functions such as embryonic development, hearing, touch sensitivity, kidney function, vascular tone and muscle stretch depend on the ability of cells to sense and react to mechanical stimuli [1, 2] . Defects in mechanotransduction are involved in the development of many diseases, including muscular dystrophies, cardiomyopathies, and cancer. These defects may appear as deficits in cellular structure and organization, impairing mechanosensation, or as mutations or deregulations in the proteins involved in the downstream signaling pathways directly affecting the normal mechanoresponse. It is therefore of utmost importance to identify the molecular components encompassing normal and defective mechanostransduction, in order to improve our understanding of faulty mechanisms and consequently develop efficient therapeutic strategies against such diseases.
Mechanotransduction
Mechanotransduction is a process where cells adapt to their physical surroundings by sensing their environment and translating the mechanical input into biochemical signals. It is a fundamental process that allows the conversion of physical forces into an appropriate cellular response. The mechanical input sensed by the cell can be any force applied to the cell itself, such as stretching or straining the cell membrane, unloading or overloading the cells through changes in gravitational forces and even exposure to electromagnetic fields. The sensing of the mechanical stimuli is based on force-induced conformational changes in mechanosensitive proteins that detect an alteration in the cellular structure. Cells sense the mechanical forces through cell-cell interactions, cell organelles embedded into the cytoskeleton, and cell-substrate interactions. Several molecules which are not mutually exclusive have been proposed to act as biological mechanosensors, including stretchactivated ion channels (SACs) at the cell membrane, transmembrane adhesion receptors that link the cytoskeleton to the extracellular matrix (ECM) and to other cells (like integrins and integrin-associated proteins), sarcomeric proteins (such as titin and myosin) and cell surface receptors (reviewed in [3, 4] ). According to the tensegrity model, cells sense the mechanical input through surface receptors and immediately respond as the cellular scaffold transduces the signal [5] .
Muscle development
Cells, tissues and organisms are all exposed to internal and external physical forces [6, 7] . The recognition and response to mechanical stimuli is essential in the development and proper function of a variety of cell types and tissues, including the musculoskeletal system. In certain cell types called mechanocytes, such as osteoblasts and myoblasts, mechanical signals deeply impact their gene expression [8, 9] . According to Wolff's law, bone remodeling is achieved in response to loading [10] . Similar to bone, it is well-known that skeletal muscle is responsive to mechanical stimulation, having the inherent ability to adapt its structure, metabolism and function in response to activity [8] . In particular, stretch has been shown to be a major mechanical input that up-regulates protein synthesis and promotes muscle growth [11] . Additionally, as it will become apparent in this review, a variety of studies have been performed in humans, animals and cell line models by using exercise, electric and magnetic stimulation, shear stress, disease states and altered gravity exposure to understand the consequences of these diverse conditions in muscle functionality. Muscle tissue being sensitive to mechanical force responds by activating diverse signaling pathways, mainly regulated by calcium that lead to changes in its developmental program [12, 13] .
Skeletal muscle has been classified into fiber types depending on their contraction speed and metabolic capacity. In general, the three classical fiber types are slow-twitch oxidative (type I), fast-twitch oxidative/glycolytic (type IIA), and fast-twitch glycolytic (type IIB) (reviewed in [14] ). Type I fibers are known as slow-twitch fibers because they exert a slow contraction involving the type I myosin heavy chain (MHC). These fibers exhibit abundance in mitochondria, an oxidative metabolism and a high resistance to fatigue. In contrast, type II pathways include exercise in the form of muscle stretch [45, 46] and shear stress through fluid flow [47, 48] .
Calcium regulation
Calcium plays a crucial role in the translation of physical forces to cellular signals through a mechanism involving changes in its cytosolic concentration. For instance, the opening frequency of membrane channels, which alters the reaction rate of calcium transportation into the cell, regulates calcium-dependent downstream signaling pathways as a response [49] [50] [51] [52] . In this review, the calcium mediated responses, which cause a series of effects in cellular homeostasis in muscle, will be discussed (see Fig. 1 ). Such include the myogenic responses through changes in cell cycle, proliferation, differentiation and apoptosis; the cytoskeletal remodeling altering the cellular morphology; the modulation of mechano-gated ion channels and downstream intracellular processes; and the multiple pathways which are necessary for muscle tissue regeneration and repair, consisting of the expression of the nuclear factor of activated T cells (NFAT), as well as the activation of mitogen-activated protein kinase (MAPK).
Intracellular calcium concentration regulates signaling mechanisms that control various biological processes crucial in the development and regeneration of an organism. Depending on the calcium signal, which is unique in a spatiotemporal pattern, responses can range from short term effects such as gene transcription, signal transduction, contraction and secretion, to longer term regulation of fertilization, proliferation, migration, differentiation, apoptosis, and necrosis [53, 54] . In particular, a localized transient change in calcium concentration controls cell migration and muscle contraction, while a prolonged global calcium signal regulates diverse biological processes such as fertilization and apoptosis [54, 55] . Not all responses are positive for cell survival, as calcium can be highly toxic when its normal concentration is exceeded. A continuous increase in calcium concentration could lead to cellular damage by the activation of proteases and the augmented production of reactive oxygen species (reviewed in [56] ). It is therefore essential that calcium homeostasis is maintained to ensure proper cellular function.
In muscle cells, the discreet events describing the transient release of calcium from the sarcoplasmic reticulum (SR) are known as calcium sparks. These localized signals are defined by an increase from the basal levels of the intracellular calcium concentration in well-defined subcellular spaces. In muscle fibers, calcium sparks are induced by diverse stimuli. When stressing muscle fibers by osmotic shock, it has been shown that the calcium transients are reversible, repeatable, and highly localized in the fiber edge close to the sarcolemmal membrane [57] . The transient events are inhibited in contrast during resting conditions under normal physiological circumstances [58] . The nature of the calcium signal, being a rapid transient event or a prolonged global incident, appears to be dependent on the Fig. 2 . Calcium-dependent cellular responses. In muscle, the internal stores are held by the sarcoplasmic reticulum (SR), where calcium release is controlled mainly by the inositol-1,4,5-trisphosphate receptor (InsP3R) and its return is governed by the sarco-endoplasmic reticulum ATPase (SERCA) pumps. Calcium binds to calmodulin (CaM) in the cytoplasm and activates calcineurin, which dephosphorylates nuclear factor of activated T cells (NFAT) and induces its translocation into the nucleus, where it initiates muscle remodeling gene transcription. The mitogen-activated protein kinase (MAPK) pathway is activated through extracellular ligands and intracellular calcium. It consists of the mitogen-activated protein kinase (MEK), phosphorylated by Ras, which in turn phosphorylates the downstream MAPK subfamilies: the extracellular signal-regulated kinases (ERKs), c-Jun NH2-terminal protein kinases (JNKs) or stress-activated protein kinases (SAPKs), and p38 MAPKs. Focal adhesions are composed of protein complexes such as integrins and focal adhesion kinases (FAKs), which link the cytoskeleton to the extracellular matrix (ECM). Actin, a protein that forms microfilaments, is part of the cytoskeletal scaffold that influences calcium channel activity and in turn its assembly is calcium-dependent. The Rho family of small G proteins, consisting of Rac and RhoA, control the cytoskeletal reorganization by regulating the actin metabolism.
intensity of the stimulus. When the stimulus is strong enough a certain threshold is reached, and the transient signal is sustained initiating a global calcium wave at a cellular level [59] .
Cytosolic calcium concentration is mainly increased by the rapid, transient release of ions from intracellular stores or by the slow entry of calcium from the extracellular pool into the cell by membrane channels (reviewed in [60] , see also Fig. 2 ). The internal stores are held by the endoplasmic reticulum (ER), or the SR in muscle cells. These stores are activated by calcium itself, where its release is controlled mainly by the inositol-1,4,5-trisphosphate receptor (InsP3R) and the ryanodine receptor (RYR), while its return is governed by the sarco-endoplasmic reticulum ATPase (SERCA) pumps, as illustrated in the right side of Figure  2 . Furthermore, the mitochondria also sequester and release calcium, serving as additional reservoirs (reviewed in [54] ). Calcium itself plays a key role in its own regulatory mechanism, by controlling its own sensitivity, modulating ion channels, refilling the intracellular calcium stores, and regulating the process of its own sequestration and extrusion (reviewed in [61] ). The dynamics of the calcium transients resulting from the internal stores are different, depending on the receptor from which calcium is released. The RYR-mediated signal occurs rapidly (in less than one second), whereas the delayed long-lasting calcium signal mediated by InsP3R ranges in the order of seconds to minutes [62, 63] .
Through the activation of phospholipase C (PLC), membrane receptors like G proteincoupled receptors and tyrosine kinase receptors generate two second messengers, inositol-1,4,5-trisphosphate (InsP3) and diacylglycerol (DAG). DAG works in the cell membrane and activates the protein kinase C (PKC), whereas InsP3 interacts with the InsP3Rs on the ER, raising the intracellular calcium concentration by inducing its release from the stores and initiating a calcium signal within the cell [64, 65] . As a result of depleting the calcium stores from the ER, a signal is sent to the plasma membrane and the store-operated channels (SOCs) are slowly activated, allowing capacitative calcium entry (CCE) or store-operated calcium entry into the cells [66] [67] [68] . Calcium influx through these channels serves to mediate longer term intracellular calcium increases and to replenish the intracellular stores [66, 67] .
SAC activity is influenced by the lipid composition of the cellular membrane and the interaction between the cytoskeleton and the ECM. Indeed, SACs can change their conformation to open and close in response to the mechanical properties of the lipid bilayer in which they are inserted, converting membrane stretch into ion current and biochemical signals (reviewed in [69] ). The existence of SACs has been shown in many cell types, including muscle cells [70] [71] [72] . SAC activity is common in neonatal skeletal muscle tissue and undifferentiated myoblasts, where an increase in calcium influx is provided for myoblast maturation, and then SAC expression declines as myoblasts differentiate and fuse into myotubes [73, 74] .
Calcium ions serve different functions inside a cell. Besides controlling most of the mechanisms implicated in muscle development and regeneration, calcium is required in the proper functioning of smooth muscles cells, maintaining arteriolar tone [75] , and myogenic constriction [76] . In skeletal muscle, contraction requires transient increases in intracellular calcium concentration [77] . The purpose of this review is to discuss the relevance of calcium entry, signaling and downstream responses to mechanical forces during muscle development, repair, and regeneration. The key mechanosensitive pathways that impart these effects and control muscle growth and repair will therefore be described along with examples of diverse mechanical stimuli which regulate their activity.
Myogenic responses: cell cycle, proliferation, differentiation, and apoptosis
Changes in calcium influx initiate a variety of signaling cascades required for cell growth and division, as calcium is required at different stages of the cell cycle (reviewed in [78] ). The signaling involves receptors, channels, transducers, effectors, enzymes, pumps, and exchangers, all of which are sensitive to calcium (reviewed in [79] ).
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Cell Cycle
One of the calcium-sensitive proteins that decode cytosolic calcium signals is calmodulin (CaM), as shown in Figure 2 . The interaction between calcium and CaM is necessary in many cellular processes. In the cell cycle, this interaction is involved during the reentry from G0, at the G1 checkpoint, in the G1/S and the G2/M transitions, during M phase progression and at exit from mitosis (reviewed in [78] ). Specifically during mitosis, calcium and CaM are necessary for nuclear envelope breakdown, cytokinesis and the regulation of the actomyosin contractile ring [80] . This is supported by experiments in where CaM expression was constitutively increased causing the cell morphology to become flattened while differences in the organization of microtubules were observed and the cell cycle progression was altered [81] . In agreement, changes in intracellular calcium concentration have been described during G1, S phase, and mitosis, including at the metaphase/anaphase transition and during cytokinesis, corresponding to the same cell cycle points where the interaction between calcium and CaM is required (reviewed in [82] ). Intracellular levels of CaM are also regulated during the cell cycle, as well as downstream protein kinases, like the CaM-kinase II (CaMKII) which is dependent on CaM activation. Indeed, along with calcium and CaM, CaMKII also mediates the G1/S, G2/M and the metaphase/anaphase transitions (reviewed in [82] ).
Cell cycle progression, which marks the proliferation rate, is dependent on extracellular calcium influx into the cell. When extracellular calcium is depleted, both mouse and human fibroblasts accumulate in G1 in a reversible manner, as cells continue to proliferate when normal calcium concentrations are restored (reviewed in [78] ). Calcium influx through permeable calcium channels, contribute to the turning of the cell cycle. Depending on the specific channel, depletion can induce cell cycle arrest in the G0/G1 state [83] or regulate the G2/M phase progression [84] . As well as the dependence on extracellular calcium, intracellular calcium stores also control cell cycle progression. As it has been described previously, changes in cytoplasmic calcium concentration are generated not only by calcium influx from the extracellular environment through the calcium channels at the cell membrane, but also by the release of calcium from the intracellular stores. In concurrence, depletion of InsP3 stores causes an arrest in cell proliferation through inhibition of DNA and protein synthesis and accumulation of cells at the G0 state in muscle cells [85] .
Mechanical forces can alter calcium concentration, impacting downstream signaling pathways that affect the cell cycle progression. In skeletal muscle, we reported a hindrance in cell proliferation in mechanically unloaded C2C12 myoblasts cultured under simulated microgravity on the random positioning machine (RPM) [86] . We discovered that the slow cell growth was due to a delay in the G2/M phase exit, where cells accumulated specifically between the G2 checkpoint and the onset of anaphase [87] . In this study, we have also shown that hypergravity at 4 g does not affect myoblast proliferation or cell cycle progression. Furthermore, by using a novel RPM that simulates partial gravity, we observed a linear correlation between the slowed cell growth and the accumulation in the G2/M phase corresponding to the partial gravity level of exposure [88] . We attribute these effects to an impaired regulation of calcium through mechanosensitive channels disturbed by the removal of the force of gravity.
As well as having a direct influence on cell cycle progression, calcium also regulates indirect mechanisms such as the activation of proteases that are in charge of degrading cyclins, which are crucial in the turning of the cell cycle (reviewed in [82] ). In addition, calcium is also involved in centrosome duplication [89] , cellular adhesion to the extracellular matrix needed through the G1 checkpoint [90, 91] , and integrin organization required both at G0/G1 and in mid-late G1 states [92] .
Proliferation
A lot of time has passed since it was first suggested that in the C2 mouse myogenic cell line, calcium entry through mechanosensitive channels is involved during the early stages of myogenesis by mediating cellular activities through calcium-sensitive molecules necessary for cell proliferation [93] . When extracellular calcium concentration is lowered, calcium entry
Cellular Physiology and Biochemistry
into the cell is mitigated, leading to a decrease in cell proliferation [94] . Hormones, growth factors, cytokines, and other proteins regulate, and are regulated by, calcium homeostasis as calcium is as a messenger that acts directly on target proteins, or indirectly through calcium binding proteins. Calcium elicits specific responses depending on the nature of the signal, as temporal and spatial differences give rise to different reactions (reviewed in [95] ). Due to the complexity of calcium signals and the numerous calcium binding proteins, calcium is used universally by the cell in most of its functions.
Differentiation
During myogenesis, satellite stem cells proliferate as myoblasts, then withdraw from the cell cycle and start to differentiate by expressing muscle specific genes. In this subsequent process, myoblasts migrate and align with each other, finally fusing with other myoblasts to form nascent multinucleated myotubes or with preexisting myofibers. These muscle fibers undergo further maturation by increasing in size and expressing contractile proteins. In muscle atrophy, the myofiber size decreases with disuse, while in hypertrophy it increases as with augmenting the mechanical loading during exercise. The myofiber size depends on the number of nuclei in the fiber, where changes promote an alteration in the contractile strength of the muscle. For instance, the loss of nuclei due to mechanical unloading causes muscle atrophy, while an increase in nuclei is related to hypertrophy and recovery from atrophy [96, 97] .
Calcium not only plays a major role in myogenesis by influencing proliferation through the cell cycle progression, but it also controls differentiation. In the initial phase of differentiation, calcium activates several myogenic transcription factors such as myogenin and myocyte enhancer factor-2 (MEF2), which then trigger the expression of muscle specific genes (reviewed in [98] ). Furthermore, myoblast recognition, adhesion, alignment, as well as membrane union required for fusion are calcium-dependent processes (reviewed in [99] ). The role of calcium in myoblast fusion was originally identified in a report where fusion was reversibly inhibited when the extracellular calcium concentration was depleted, and restored when the concentration was increased [100] . Other studies have consistently revealed that pharmacological blockade of the calcium channels inhibited myoblast fusion [101, 102] . However, calcium entry through these channels is not the only requirement for fusion as the internal stores are also needed to regulate the changes in intracellular calcium concentration. Indeed, when drugs were used to deplete these stores, fusion was inhibited [101] . Thus, the role of calcium in myoblast fusion is both intra-and extracellular and specific of calcium per se, as other ions cannot substitute its depletion (reviewed in [99] ). In addition, the activation of calcium sensors such as CaM, is essential for propagating the calcium signaling required for myoblast fusion [103] .
For differentiation to proceed, migration is required to allow myoblast alignment and subsequent fusion into myotubes. This process involves the activation of calpains, which are cysteine proteases activated by calcium, and the subsequent proteolysis of myristoylated alanine-rich C-kinase substrate (MARCKS), which is an actin-binding protein [104] . Indeed, the expression of calpastatin, a specific inhibitor of calpains, is decreased in fusing myoblasts [105] , and when calpain activity is blocked, so is muscle differentiation [106] . It has been suggested that membrane fusion by the action of calpains results from the destabilization of the cellular membrane caused by the degradation of cytoskeletal proteins [107] . Indeed, by mechanically stimulating C2C12 mouse myoblasts with magnetic beads, calpain expression was augmented and followed by a breakdown of focal adhesion proteins [108] . In line with this argument, a significant increase in calpain activity can lead to muscle atrophy, as it triggers protein degradation [109] . Also in C2C12 myoblasts, it was reported that a transient overexpression of calcium channels concomitant with an increase of calcium influx and of calpain activity is needed for cell differentiation [110] . In agreement, we detected that a decreased expression of the same channel inhibits terminal differentiation in C2C12 myoblasts cultured on the RPM [86] . In their maturation process, it has also been shown that C2C12 myoblasts undergo cytoskeletal remodeling through the formation of stress fibers,
where their contraction generates mechanical tension in the cell membrane and activates SACs, triggering calcium-dependent signals necessary for terminal differentiation [73] .
Apoptosis
In addition to controlling cell growth and differentiation, calcium also regulates cell death through apoptosis (reviewed in [111] ). Intracellular calcium signals trigger apoptosis through the Fas system (reviewed in [54] ), via calcineurin that is involved in the dephosphorylation of Bad and its translocation to the mitochondria [112] , and through calpains (reviewed in [111] ) that are implicated in the cell spreading and mobility [113] . By mediating calcium influx, it has been shown that calcium channels regulate calpain activity in a process involving cell adhesion [114] . In this study, over-expression of the channels led to cell detachment and death probably due to the toxicity caused by calcium overload. Indeed, cells undergoing apoptosis experience an increase in intracellular calcium due to the emptying of the internal stores as well as an augmented influx from the extracellular medium [115] . Interestingly, while EMFs can protect cells by inhibiting induced apoptosis via calcium modulation through a mechanism involving enhanced calcium influx, due to an increase in the number of calcium channels in the cell membrane [116] , the rise of intracellular calcium during apoptosis can also result in cell death [36, 37] .
The responses downstream of mechanical stimulation are complex, but they often implicate calcium. Depending on the signal generated, the outcome can vary leading to differences in viability, cell cycle progression, growth and differentiation. In skeletal muscle, these results affect the myogenic program responsible for normal development, and thus alterations may originate abnormalities due to the implied deficits in mechanotransduction.
Cytoskeletal remodeling: cell morphology
Mechanical stimuli are known to regulate cell morphology and function [117] . As cells sense their extracellular environment, the forces acting at the level of the cellular membrane are distributed to the cytoskeleton through a mechanism associated with calcium signaling [118] . In return, the response of the cytoskeleton to membrane tension involves an increase in calcium influx through SACs, possibly by altering the properties of the lipid bilayer leading to the subsequent activation of calcium channels [119] . Indeed, the cytoskeleton is involved in regulating the activity of mechanosensitive ion channels by shifting their opening and closing states in response to mechanical stress [118, 119] . Furthermore, when the connection between the cytoskeleton and the plasma membrane is disturbed, the channel sensitivity is also affected [120] .
Embedded within the lipid bilayer linking the plasma membrane to the cytoskeleton and the ECM are the focal adhesions. Focal adhesions are composed of protein complexes, such as integrins, talin, paxillin, and focal adhesion kinases (FAKs) (reviewed in [3] , see purple boxes in Fig. 2 ). It has been proposed that these proteins could serve as mechanosensors, initiating key signaling events in mechanotransduction, which entails the ability of cells to sense and respond to the extracellular environment by modulating the force generated through such complexes and linking it to the cytoskeleton [121] . In order to achieve cell spreading and migration, the focal adhesions must be constantly adapted. Integrins, which are transmembrane adhesion receptors, mediate the generation of force necessary for cell adhesion and motility on the ECM (reviewed in [122] ). They activate intracellular molecules, such as FAKs, to regulate the signals transduced across the cell membrane (reviewed in [123, 124] ).
Mechanical stress and strain on the cytoskeleton
In embryonic muscle cells, mechanical stress at the cell surface induced by magnetic microbeads promoted an increase of FAK phosphorylation [117] . It has been suggested that the activation of FAK leads to an increase in myogenic regulatory factors, which promote differentiation [125] regulated by calcium-dependent proteases [108] . In addition, it has been shown that voltage-gated calcium channels, which are critical for myoblast differentiation, are modulated by integrins [126] . Thus, integrins play a major role in regulating calcium influx, influencing the mechanotransduction process associated with muscle development. The force mediated by integrins is regulated by the tyrosine kinase Src [127] , which is reciprocally activated in a calcium-dependent manner during stretch [128] .
The cytoskeletal structures, such as actin and microtubules, are essential in triggering a variety of transduction pathways in response to mechanical stimuli by distributing the sensed forces throughout the cytoskeleton (reviewed in [129] ). Actin, a calcium-sensitive protein that forms microfilaments, provides the cytoskeleton a scaffold to withstand physical stress [130] . When mechanical forces are applied to the actin network, the cell stiffness is modified [131] . It has been reported that the application of force through collagen-magnetic beads to integrins provokes calcium influx as well as calcium-dependent actin reorganization [130] . In this report, the collagen-beads were bound to cells and the role of calcium in the regulation of force-mediated actin assembly and membrane stiffness was determined. Under the stimulation, it was shown that actin filaments accumulated in the submembrane cortex and that membrane rigidity increased as well as calcium influx. The authors concluded that actin assembly induced by mechanical forces is dependent on calcium and that actin in turn influences calcium signaling by modulating SAC activity, as illustrated in Figure 2 . Interestingly, after repeated stimulation, the calcium response was progressively attenuated over time, showing a protective effect for cells exposed to chronic mechanical forces, where the homeostasis of calcium-dependent signaling processes is preserved. This regulatory mechanism is essential for cell survival, as a prolonged rise in cytoplasmic calcium induces apoptosis [132] .
Cadherins are transmembrane proteins that function as receptors regulating cell-cell adhesion through a calcium-dependent process. Of special interest is N-cadherin, which is essential for muscle differentiation. The Rho family of small G proteins, consisting of Rac and RhoA, control the cytoskeletal reorganization by coordinating the formation and maintenance of the cadherin-dependent adhesion sites as well as regulating the actin metabolism (reviewed in [133] , see also Fig. 2) . In C2C12 myoblasts, the formation of cellcell contacts by N-cadherin is dependent on the activity of Rac and RhoA [134] . While Rac is not entirely necessary for contact formation, RhoA is required as it stabilizes N-cadherin at the cell-cell adhesion sites. This is because on the one hand, RhoA controls the formation of actin filaments bound to the cell membrane by adhesion complexes, and on the other hand, Rac is responsible for the formation of tightly packed actin filaments that are linked to the membrane by focal complexes, not directly influencing cell-cell adhesion sites but still facilitating their formation [135] . In another line of research, both Rac and RhoA were shown to influence activation of members from the MAPK family in response to mechanical strain [136] . It was proposed by the authors, that the contribution of Rac and RhoA in this activation is associated to their function in regulating the cytoskeletal organization, and not directly linked to the signaling cascade in the MAPK pathway.
Other stimuli on the cytoskeleton: magnetic fields and gravitational loading
MFs promote cell shape modifications comprising of changes at the cellular surface and in the intracellular cytoskeleton. Depending on the field strength, the exposure time and the cell type being analyzed, cells may experience partial detachment or a stronger adhesion to the surface where they are growing, resulting in an altered morphology going from round to a flat shape. Calcium-dependent signaling, influenced by MFs, has been shown to induce changes in cell morphology, including cell shape modifications and changes in microtubular reorganization [137] . As the polymerization of actin is a calcium-dependent process, changes in calcium homeostasis due to MF exposure lead to the reorganization of the cytoskeleton [138] .
Gravitational force also alters the cytoskeletal integrity, thereby affecting cellular functions such as the transportation of organelles, cell maintenance, division and apoptosis. Indeed, after exposure to microgravity, cytoskeletal and mitochondria abnormalities were reported as a result of microtubular disruption [139] . Microtubules, like actin filaments, are involved in maintaining cell structure, in addition to providing intracellular transport of proteins and mitochondria. The polymerization of microtubules is a calcium-dependent process affected by gravitational forces [140] . Thus changes in calcium, due to environmental factors such as gravity, account for a chain of molecular responses from the cell surface to the cytoskeleton. Not only microgravity, but also mechanically overloading the cells with hypergravity, causes a change in the microtubules. Indeed, an increase in phosphorylation of microtubule-associated proteins was detected in human cells exposed to 35 g [141] . In addition, FAK activity is also altered by gravity, as phosphorylation of FAK decreased in humans exposed to mechanical unloading [142] . The changes in FAK activation led to downstream signaling alterations such as disturbances on the MAPK pathway, which is essential for cell growth and differentiation (reviewed in [143] ). Consequently, reciprocal changes in calcium homeostasis and the cytoskeletal dynamics play a substantial role in determining the muscle tissue fate in response to mechanical stimuli.
Mechano-gated ion channel modulation: converting mechanical signals into calcium-mediated intracellular processes
Mechano-gated calcium channels are expressed abundantly in muscle at all stages of development, playing a key physiological role in cardiac, skeletal, and smooth muscle cells [144] [145] [146] . Of particular interest, are the transient receptor potential (TRP) channels which are ion channels that participate in the mechanotransduction of a wide variety of organisms, tissues and cell types, including skeletal muscle (reviewed in [147] ). The TRP family is divided into various subfamilies, many of which have been described as calcium permeable channels, including: TRP canonical (TRPC), TRP melastatin (TRPM), TRP polycystic (TRPP), and TRP vanilloid (TRPV) [148] . TRP channels have been shown to be sensitive to various forms of mechanical forces, including fluid shear stress and membrane stretch, in addition to controlling vascular smooth muscle contraction and relaxation, and interacting with external ligands and cellular proteins (reviewed in [149, 150] ). In fact, these channels mediate responses to light, growth factors, pheromones, olfaction, temperature, pH, osmolarity, vasorelaxation of blood vessels, metabolic stress, as well as other mechanical and biochemical signals [150] .
Faulty channel regulation leads to disease
Mutations in TRP channel proteins have been linked to several diseases, such as cancer and neurodegenerative disorders [150] . Indeed, TRP channels, being mechanosensitive SACs, have been implied in the alteration of calcium regulation observed in muscle diseases such as mdx mouse and human Duchenne dystrophies, stretch-induced muscle damage, and cardiac hypertrophy [151, 152] . Duchenne muscular dystrophy (DMD) is a disorder affecting muscle development caused by a mutation in the dystrophin gene. Dystrophin comprises a large multimeric protein complex which links the inside of the cell to its outside [153] . DMD is characterized by a loss of calcium homeostasis in muscles, where the total calcium content is largely augmented [154] due to increased channel permeability to calcium caused by an upregulation of the mechanosensitive channel activity [155, 156] . In the dystrophic mdx mouse model, membrane stretch which causes calcium channels to be in prolonged opening mode, along with the loss of the habituation of these channels were shown to contribute to the elevated calcium concentration [157] . This leads to anomalous muscle contraction, as well as damage to the cell membrane and cytoskeleton, which consequently results in the loss of muscle cells [158] .
As a therapeutic possibility to reverse or prevent the loss of calcium homeostasis in skeletal muscle, the use of electromagnetic fields has been investigated. Calcium handling affected by EMFs was studied in undifferentiated C2C12 myoblasts, as well as in terminally [159] . The authors revealed that exposure to EMFs increased the percentage of cells with voltage-dependent calcium influx in immature myoblasts, while in mature myotubes, the cytosolic calcium concentration was elevated due to an enhanced activity of the intracellular calcium stores. These outcomes, which appear dependent on the stage of cell differentiation, are fundamental in muscle tissue repair and development as they contribute to the regulation of myogenesis.
The TRPC subfamily
In muscle, one of the most studied TRP subfamilies is TRPC. TRPC activity is regulated by calcium itself, where CaM, a soluble calcium binding and regulatory protein, is involved [160] . Calcium influx through TRPC channels control a huge variety of biological functions, including regulation of smooth muscle cell proliferation, endothelin-evoked arterial contraction, neuronal differentiation and cardiac hypertrophy (reviewed in [161] ). These channels play distinct roles depending on the cell type where they are expressed, being critical in physiopathological processes like muscle dystrophy, myasthenia gravis, vascular hypertrophy, and idiopathic pulmonary arterial hypertension [162] [163] [164] . Specifically implicated in muscular mechanotransduction are the channels TRPC1 and TRPC6, which are calcium permeable channels (reviewed in [148] ). It has been shown that TRPC1 is extensively expressed in the myocytes of the heart, the arteries and the skeletal muscle [165] , while TRPC6 is expressed in general in all the cardiovascular system, including pulmonary artery smooth muscle cells and vascular endothelial cells [164, 166, 167] . TRPC1 is mainly upregulated as an adaptive injury response in blood vessels [168] and during myogenesis in skeletal muscle [162] . In addition, several studies have shown that both channels are involved in cardiac hypertrophy [148] . It is well-known that the heart, probably the most important muscle organ in our body, is sensitive to mechanical forces. In correlation, an increase in intracellular calcium through TRPC channels is responsible for the development of cardiac hypertrophy [169] . Besides being SOCs, both TRPC1 and TRPC6 are SACs, and upon membrane stretch they become activated and elevate the intracellular calcium concentration by a process involving a reduction in the membrane bilayer thickness which biases the channel conformation towards the open state [84, 151, 162, 170] .
In a recent study, we examined the early stages of myogenesis under conditions of simulated microgravity by culturing C2C12 mouse myoblasts, as an in vitro model of the skeletal muscle phenotype, on the RPM [86] . We detected a decrease in TRPC1 expression, revealing that a reduction in calcium entry thus appears to be a pivotal event in muscle atrophy. Furthermore, our results indicated that by relieving the constant force of gravity on cells one can better understand the cellular responses leading up to muscle atrophy as a consequence of mechanical unloading.
Other TRP subfamilies: TRPV and TRPP Many TRP channels have been shown to be activated by cell swelling or stretching as a result of cell volume regulation by extracellular calcium influx [171, 172] . Cell volume regulation is critical for a wide range of cell types to function properly and survive. Other TRP channels involved in mechanosensing and translating the response into calcium signals include TRPV and TRPP channels. For instance, TRPV4 is a volume-activated, calcium permeable channel [171] and TRPP2 regulates calcium influx by detecting mechanical deflections of primary cilia in renal epithelial cells, governing downstream signaling cascades associated with cell growth and differentiation [173] . There are many different types of calcium channels within muscle cells, but importantly, it is the calcium entry through these channels and the changes in intracellular calcium concentration that regulate downstream pathways which control muscle tissue regeneration and repair.
Muscle tissue regeneration and repair: NFAT activation
NFAT is a transcription factor that is activated by the calcium-dependent phosphatase calcineurin (reviewed in [174] ). In the resting state, NFAT is usually located in the cytoplasm in a phosphorylated latent form. As illustrated in the center green boxes in Figure 2 , when the intracellular calcium concentration is increased, calcium binds to the calmodulin-calcineurin complex in the cytoplasm and activates calcineurin, which dephosphorylates NFAT by removing the phosphate groups that mask its nuclear localization signal, and permits its translocation into the nucleus where its function as a transcription factor is enabled [175] . Its nuclear accumulation induces the DNA binding to target promoter elements either by itself or with the aid of other transcription factors (reviewed in [174] ). Activated calcineurin also localizes to the nucleus, thereby maintaining the dephosphorylated status and nuclear localization of NFAT. As nuclear calcium decreases, calcineurin is no longer activated, so NFAT is rephosphorylated by kinases and leaves the nucleus, terminating its function as a transcription factor (reviewed in [174] ). Hence, for the NFAT signaling pathway to be activated, both cytoplasmic and nuclear calcium are required [176] .
NFAT, as described by the name itself, was discovered in T lymphocytes, but has now been shown to be expressed and function in numerous cellular systems, including skeletal muscle. Indeed, NFAT plays a key role in various skeletal muscle processes such as growth and development (reviewed in [177] ), regulation of hypertrophy [178, 179] , and remodeling by directing myofiber type transformation [180, 181] .
Effects of electrostimulation on muscle fibers and NFAT expression
Mechanical stimulation, such as exercise training, causes an increased oxidative metabolism in skeletal muscle, inducing fiber transition from type II to type I. During the transformation, the fast myofibers change their contractile and metabolic characteristics to those attributed to the slow fibers. It has been reported that NFAT activity regulates this process by upregulating the slow MHC and downregulating the fast MHC gene expression (reviewed in [182] ). When activated, NFAT maintains the slow type I while repressing the fast type II gene and protein expression (reviewed in [14] ). NFAT activity is higher in slow myofibers compared to the fast fibers and by inhibiting NFAT activation, the slow MHC expression is downregulated, whereas the fast type MHC is upregulated [183] . When primary myocytes were subjected to electrostimulation, a fast to slow fiber transformation was detected through the nuclear translocation of NFAT [181] . Interestingly, in this study the resting calcium concentration remained constant, thus the authors proposed that the NFAT signaling pathway is activated by the repetition of rapid, high amplitude calcium transients instead of a sustained rise of the resting calcium concentration. Thus, in muscle transformation, this calcium signal marks the first step that leads to calcineurin activation, NFAT nuclear translocation and the switch in MHC gene expression [12] .
Recent work in primary skeletal muscle cells and C2C12 cells stimulated electrically have shown that the source for NFAT activation is through extracellular calcium and its release from intracellular stores involving RYR but not InsP3R [184] . Nevertheless, the results indicated that calcineurin participates in the regulation of InsP3R expression, suggesting that NFAT activation might be involved as well in the signaling required for InsP3R synthesis. In agreement, store-operated calcium release through InsP3R has been linked to TRPC1 expression [161] , which is also under control of the NFAT pathway [185] .
Various molecules dependent on calcium signaling, besides NFAT, have been shown to be involved in skeletal muscle remodeling, such as MEF2 and calcineurin [186, 187] . The calcium-dependent activation of calcineurin regulating NFAT dephosphorylation and nuclear translocation is essential in the process of fast to slow fiber type transformation. In fact, calcineurin activity, like NFAT, is needed in maintaining the slow fiber phenotype, and when inhibited, the slow contractile proteins are decreased, inducing a transformation towards the fast fiber phenotype [180, 188] .
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The translocation of NFAT in response to electrical activity appears to require stimulation patterns similar to the ones presented in the slow fibers. A study conducted on adult mouse skeletal muscle from flexor digitorum brevis (mostly fast type fibers), revealed that electrical stimulation using activity patterns characteristic of slow fibers (at 10 Hz) activated the NFAT signaling pathway, but this did not occur in response to the stimulation patterns typical of fast fibers (at 50 Hz) [189] . The reason for this pattern dependency could be explained by the fast to slow fiber type transformation, as NFAT is predominantly active in the slow fibers. Thus, stimulating the fast type fibers with a pattern simulating slow fiber activity could encourage this transition. In another study, NFAT was activated by both low and high frequencies in a rat myotube model [184] . The discrepancies between these two studies may be reflected by the initial fiber type of the skeletal muscle at the point where stimulation is subjected, as well as differences in the developmental stage of the muscle which may present distinct responses to the same patterns of stimulation, and the specific NFAT isoform that is being analyzed. In fact, there appears to be four NFAT isoforms (NFATc1, NFATc2, NFATc3 and NFATc4) expressed in muscle cells, which translocate to the nucleus at specific stages of myogenesis [190] . After a rise in intracellular calcium, nuclear translocation of NFATC3 was detected only in myoblasts, whereas NFATC1 and NFATC2 were present only in myotubes [191] . Specifically, nuclear localization of NFATC2 was only observed after the initial cell fusion to form new myotubes but not in the already matured myotubes [192] .
Other stimuli altering muscle fibers and NFAT expression: mechanical unloading and stretch To investigate the effect of mechanical unloading on muscle, research on various animal models has been conducted in response to actual and simulated microgravity. Through these studies, it has been revealed that postural muscles, containing a high percentage of slow fibers, are more susceptible to atrophy under these conditions [23, 24] . In agreement with our recent findings and considering the fact that NFAT controls the expression of TRPC1 [185] , we speculated that NFAT activation is reduced in myoblasts cultured under gravitational unloading, as TRPC1 expression was downregulated [86] .
Another type of mechanical stimulation, passive stretch, was investigated in regards to muscle fiber transformation in differentiating C2C12 myocytes [193] . In this report, both fast and slow MHC expressions were upregulated, while no change was detected in the phosphorylation levels of NFAT and MEF2. Interestingly, a previous study in adult rabbit fibers showed that passive stretch led to muscle growth and fast to slow fiber type transformation induced by changes in intracellular calcium concentration [194] . The controversy in the apparently opposing outcomes may be settled by recognizing that the studies were conducted on different cells with diverse lengths of exposure time to passive stretch. The differentiating C2C12 cells had not formed fibers before the analysis was carried out, so it is plausible that changes in the NFAT signaling pathway cannot be detected if the fiber transition is not yet possible. Furthermore, careful interpretation must be made according to the length of stimulation, as a counter regulatory mechanism could be activated when cells are under-or overloaded.
Muscle tissue regeneration and repair: MAPK pathway
The MAPK pathway is a family of serine/threonine kinases that become activated upon tyrosine/threonine phosphorylation through diverse stimuli, including mechanical input, cytokines, growth factors, and mitogens (reviewed in [195] ). As shown in the left green boxes in Figure 2 , the MAPK cascade is divided in three major subfamilies: the extracellular signalregulated kinases (ERKs), c-Jun NH2-terminal protein kinases (JNKs) or stress-activated protein kinases (SAPKs), and p38 MAPKs (reviewed in [196] ). All of them are activated by the phosphorylation of the mitogen-activated protein kinase kinase (MEK), which is activated by Ras. The MAPK pathway is involved in the regulation of cellular processes required for adhesion, cytoskeletal dynamics, growth, differentiation, and apoptosis through a mechanism often involving calcium interaction (reviewed in [197] ). For instance, in skeletal muscle it has been reported that calcium influx through the activation of SACs leads to an increased activation of the ERK cascade, while inhibition of these channels inhibits ERK activity [198] .
MAPK activation through stretch, stress and electrical stimulation All three MAPK cascades (ERK, JNK, and p38) are activated by mechanical stresses such as cell stretching [199, 200] and fluid shear stress [201] . By being responsive to mechanical stimuli, MAPKs play a critical role in myogenesis [202, 203] . Exercise [204] and electrical stimulation [205] have been shown to activate the MAPK pathway in rat skeletal muscle. In C2C12 myoblasts, cyclic stretch induced proliferation while inhibiting differentiation into myotubes by increasing the phoshorylation of p38 and decreasing the phosphorylation levels of ERK [206] . In the same study, the authors reported that by inhibiting the phosphorylation of p38, the phosphorylation of ERK was increased in the stretched cells, enhancing myotube formation. In contrast, another study reported that cyclic stretch increased the phosphorylation of all three MAPK cascades, rather than only of p38, in C2C12 mouse myoblasts [207] . The difference observed in the responses, even if performed under the same kind of stretch with the same type of cells, might depend on the details of the applied stimulus, such as the magnitude and duration, as well the time of analysis, which differed in the above two studies. An additional study confirmed that both ERK and p38 are activated by mechanical stimulation [136] . In this report, mechanical strain was applied to human fibroblasts by the magnetic attraction of superparamagnetic arginine-glycine-aspartic acid (RGD)-coated beads. The authors revealed that the two small G proteins, Rac and RhoA, participated in sensing the mechanical forces that led to the modulation of ERK activity.
In addition to cellular stretch and strain, proper adhesion to the ECM is another form of mechanical stimulus that can lead to the regulation of MAPK activity. In NIH-3T3 fibroblasts, MAPK activation was obtained through cell adhesion to fibronectin, vitronectin and type IV collagen by involving cytoskeletal reorganization through integrin mediation [208] . Consistently, in DMD a disruption of the coupling between the cytoskeleton and the ECM causes abnormal activation of ERK in response to stretch [198] . In this study, a higher level of activation of ERK was detected in mdx muscle fibers compared to controls upon stretch, but this was inhibited when calcium influx was attenuated by lowering the extracellular calcium concentration or blocking the calcium channels. Accordingly, it was concluded that when the mechanotransduction signaling is impaired, cell function and viability are affected resulting in muscle damage.
Other stimuli altering MAPK activation: gravity and electromagnetic fields When cells were overloaded by hypergravity, the mechanical input enhanced ERK phosphorylation, as it was observed in primary human osteoblast-like cells in response to 13 g [209] . In a similar cell line, EMFs did not induce phosphorylation of ERK [210] , but exposure of lens epithelial cells to EFs induced phosphorylation of ERK [211] . As MAPK activation varies greatly in response to different stimuli, there is not enough data to assess the therapeutic potential of regulating this pathway to overcome muscle deterioration. Further studies in skeletal muscle are therefore needed to define the mechanical inputs that stimulate normal and anomalous responses of the MAPK cascades.
Conclusion
The examples mentioned in this review demonstrate the relationship between calcium signaling and mechanotransduction that work together mostly through feedback mechanisms that couples cellular functions with the extracellular environment. Cellular mechanosensing and the ensuing mechanoresponse are both critical for the maintenance and regeneration of normal muscle development. As skeletal muscle is sensitive to mechanical input, any event that disrupts this process would result in a clinical condition, like muscle atrophy. The inability to effectively maintain muscle mass is of utmost clinical and socioeconomic importance. In order to counteract the faulty mechanism observed in such conditions, it is important to understand first how mechanical stimuli are translated to biochemical responses, and specifically identify the consequent cascade of events, mainly governed by calcium signaling. By means of model systems such as gravitational unloading to imitate muscle disuse, we gain further insights on the deregulation of the mechanotransduction signaling. And by studying the response of muscle to exercise, stretch, electric stimulation, hypergravity and EMF exposure, therapies can be developed to combat or possibly reverse the detected deregulations due to disuse, trauma, or disease. Reconciling the data gathered in the precedent experiments with ongoing and future studies will make the specific role of calcium and the contributing factors in mechanotransduction clearer in the understanding of muscle development in order to design potent countermeasures against such clinical scenarios. 
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